The transfer of an oxygen atom from transition-metaloxo complexes to organic or nonmetal substrates is a welldocumented process. 1 The related reaction of intermetal oxygen atom transfer continues to be an area of intense research and has been extensively reviewed. 2 However, fewer examples involving the isoelectronic imido group transfer have been reported. [3] [4] [5] [6] [7] [8] Furthermore, imido group transfer processes reported to date have largely involved transfer to nonmetal substrates, e.g., phosphines, alkanes, and alkenes. Examples of intermetal pairwise exchange reactions involving oxo, imido, and alkylidene ligands were reported by Gibson et al. In these latter reactions, no net redox change occurs. 9 Metalloporphyrin complexes have been extremely useful in investigating a variety of inner-sphere redox processes involving intermetal halogen, 10 oxygen, 11 nitrogen, 12 sulfur, 13 and selenium atom transfer reactions. 13 However, extension of this system to intermetal imido transfer has not materialized, even though metalloporphyrin complexes containing organoimido ligands are becoming more common. 14-18 Surprisingly, the only imidomolybdenum porphyrin examples are Mo(V) complexes, and only one has been structurally characterized.
8, 19 We previously reported that treatment of (TTP)MCl 2 (M ) Ti, Zr, Hf; TTP ) meso-tetra-p-tolylporphyrinato) with various lithium amides results in the formation of M(IV) organoimido complexes. 20, 21 By extension of this synthetic method to molybdenum chemistry, we have been able to prepare new organoimidomolybdenum(IV) porphyrin complexes. These compounds undergo a twoelectron intermetal redox process mediated by imido group transfer. Specifically, treatment of (TTP)ModNR (R ) C 6 H 5 , C 6 H 4 -p-CH 3 ) with a low-valent titanium porphyrin complex, (TTP)Ti(η 2 -PhCtCPh), resulted in complete intermetal imido group transfer, a formal two-electron redox process.
We previously showed that (TTP)MoCl 2 is a useful precursor for the preparation of a number of new molybdenum porphyrin complexes. 22 This practical starting material can be readily converted into new metalloporphyrin imido complexes. As illustrated in eq 1, anerobic treatment of (TTP)MoCl 2 23 with LiNHR resulted in the formation of molybdenum(IV) organoimido complexes. Relatively pure (TTP)ModN-Ph (1a) could be obtained by recrystallization from a minimal amount of toluene/hexane (ca. 1:3) on cooling to -20°C for 1 h. An orange-red solid was isolated in approximately 60% yield after filtration, washing with hexanes, and drying in vacuo. 24 A similar method was used to prepare tolyl, 25 mesityl, 26 and 2,6-diisopropylphenyl 27 analogues. In all cases, analytically pure samples were difficult to obtain because of the inclusion of varying amounts of amine adduct produced as a side product, 1‚(H 2 -NR) x . Only in the case of the mesitylimido complex, 1c, was an analytically pure material obtained after several recrystallizations. 26 The new porphyrin complexes were characterized by 1 H NMR, UV-vis, mass, and IR spectroscopy. Although the IR spectrum of 1 contains a band at 753 cm -1 that may correspond to a ModN stretch, 19a coupling with a N-C stretching mode and/or other vibrations of the organoimido group complicates the assignment. 28 30 When excess amine is present, the formation of sixcoordinate complexes is observed. As noted above, this was a complication during the initial imido synthesis because neutral amine was produced as a byproduct. The initially isolated imido complexes would have up to 1 equiv of the parent amine, bound as a sixth ligand. NMR studies showed that the position of the -pyrrole proton resonance of these adducts depended upon the amount of amine present, with the signal shifting upfield with an increasing amount of fragment. Significant shifts are observed for all resonances associated with the porphyrin ligand for the picoline complexes. For example, the -pyrrole resonance has been shifted upfield and is observed as a sharp singlet at 6.92 ppm. Resonances corresponding to the tolyl groups of the porphyrin ligand are also shifted upfield, with the methyl resonance now appearing at 2.24 ppm. The signals associated with the tolyl group of the imido ligand are instead shifted downfield slightly, appearing in the region of 6.2-6.4 ppm. Similar shifts are observed for the picoline derivative of the phenylimido complex, 1a.
Other pyridine derivatives also produce new six-coordinate imido complexes. The addition of 4-isopropylpyridine to 1a‚ (H 2 NR) x affords the molybdenum imido complex trans-(4-i-Prpy)(TTP)ModNPh (3), which is isolated in 61% yield after recrystallization from toluene/hexane (1:3). 32 Molybdenum porphyrin complexes bearing multiply bonded ligands are capable of transferring these terminal ligands to other species. For example, (TTP)ModX (X ) S, Se) is reduced by PPh 3 to form XdPPh 3 . 22 The resulting Mo(II) intermediate was trapped with an alkyne. In contrast to this, (TTP)ModNPh does not transfer its imido ligand to PPh 3 after 3 days at ambient temperature. This is also different from the chemistry of the lighter congener (TPP)CrdNPh complex, which does transfer its imido ligand to PPh 3 to form the phosphine imine. 33 In an extension of our work with intermetal inner-sphere reactions, a net two-electron redox process, mediated by imido group transfer, occurs with these metalloporphyrin complexes. As shown in eq 3, treatment of (TTP)ModNC 6 H 5 (1a) with a titanium(II) η 2 -acetylene complex, (TTP)Ti(η 2 -PhCtCPh), 34 resulted in complete intermetal imido group transfer, yielding a known titanium porphyrin organoimido complex, (TTP)TidNR, 20 and a known molybdenum(II) η 2 -alkyne complex, (TTP)Mo(η 2 -PhCtCPh). 35 Both the sixcoordinated complexes 1‚(H 2 NR) x and the amine-free complexes, 1, participate in the imido transfer reactions. The amine-free reactions produce cleaner NMR spectra and are reported here. In a typical, ambient-temperature reaction, an NMR tube containing a C 6 D 6 solution of (TTP)ModNPh was treated with a slight excess of (TTP)Ti(PhCtCPh). The reaction was monitored over a period of 3 days. After 14 h, new -pyrrole resonances corresponding to (TTP)TidNPh (9.21 ppm) 20 and (TTP)Mo(PhCtCPh) (8.99 ppm) began to appear. Over the course of the reaction, the resonances of the starting materials diminish, while those of the products intensify, yielding a final spectrum composed of the resonances of (TTP)Mo(PhCtCPh) and (TTP)TidNPh. The overall time required for the reaction to go to completion is approximately 2 weeks. The slow nature of this reaction could be due to steric problems associated with a possible µ-imido intermediate. Further studies involving the synthesis and reactivity of early-transition-metal porphyrinatoimido complexes are underway.
